Abstract
Introduction
Ž . Drugs affecting the sympathetic nervous system SNS are widely used in patients with cardiovascular and pulw x monary diseases 21 . Their effects on hypoxic pulmonary Ž . vasoconstriction HPV , a major mechanism in the prevention of arterial hypoxaemia, however, remain controversial w x 13,19,23 . a-Adrenergic blockade has been reported to w abolish, to attenuate, or not to affect HPV 2,3,7-x 9,12,16,31,32,34,44,47,46,51 . b-Adrenergic blockade has been more consistently reported to enhance HPV w x 3,34,44,47,51 . As an effect of global SNS inhibition, HPV was abolished, attenuated, unaffected, or enhanced after chemoreceptor denervation, surgical sympathectomy, ganglionic blockade, chemical sympathectomy and adrenw x ergic receptor blockade 33, 38, 47 . In the few studies ( )Ž additional effects over a-and b-receptors blockade e.g., . by inhibiting other than a-and b-adrenergic pathways . The study was done in intact dogs, allowing the expression of control mechanisms affecting the pulmonary circulation. Pulmonary vascular tone was assessed by flow-pressure Ž . curves, to discriminate between passive flow-dependent Ž . and active tone-dependent changes in vascular resistance w x 36 . Hypoxic response was defined as the difference between hypoxic and hyperoxic pulmonary vascular tone.
Methods

Preparation
All experiments were performed in accordance with the 'Guiding Principles in the Care and Use of Animals' approved by the Council of the American Physiological Ž Society. Experiments were done in 32 mongrel dogs . Ž kg, mean 26 , anaesthetised with sodium pentobarbital 30 . Ž mgrkg i.v. , intubated and ventilated mechanically tidal . volume 16 mlrkg, respiratory rate 12.5rmin , and prew x pared as described previously 6 . Briefly, femoral and pulmonary arterial catheters were inserted for measurement of systemic and pulmonary haemodynamics and for sampling of arterial and mixed venous blood. Vascular pressures were monitored and recorded continuously, and read at end-expiration. Cardiac output was measured with the thermodilution method, using three 10-ml injections of ice-cold saline delivered at the beginning of expiration. ŽThermodilution was used to avoid thoracotomy, and . yielded a variation coefficient less than 5%. Cardiac output was controlled by inflating a balloon inserted in the inferior vena cava or by opening a femoral arterio-venous fistula to respectively decrease or increase venous return.
Ž . Ž . Arterial a and mixed venous v blood gases were measured immediately after drawing the samples. Arterial pH was maintained between 7.35 and 7.40 with sodium bicarbonate. Thrombus formation was prevented with heparin, and temperature was kept at 37-388C with an electric heating pad. Anaesthesia was maintained with pento-Ž . barbital 3 mgrkg and paralysis was obtained with pan-Ž . curonium 0.2 mgrkg before each hyperoxic flow-pres-Ž sure curve determination paralysis was used to prevent the . respiratory efforts sometimes occurring during hypoxia . The epidural catheter was inserted at the beginning of the experiment, through the vertebral arch of the second coccygeal vertebra. It was advanced until the tip was near the L4 vertebra, as confirmed by autopsy at the end of the experiment.
Measurements
Five-point pulmonary arterial flow-pressure curves Ž were generated in hyperoxia and in hypoxia inspired . oxygen fraction, FiO , respectively 0.40 and 0.10 , at 2 baseline and after administration of the adrenergic blocking agent. For each curve, the first point was obtained after complete deflation of the intracaval balloon and opening of the arterio-venous fistula, the second point after clamping the fistula, and the third to fifth points after stepwise Ž inflations of the balloon. Haemodynamic variables cardiac output, heart rate, systemic and pulmonary vascular pres-. sures were collected at each point. Arterial and mixed venous blood gases were measured at the first and last Ž . points of the curve high flow and low flow . Measurements at each point were delayed until haemodynamic stabilisation. Generation of a complete 5-point curve typically required 20-30 min.
Adrenergic blockade
a-Adrenergic blockade was obtained with an intravenous 2 mgrkg phentolamine bolus and a 50 mg P kg y1 P y1 Ž . h phentolamine infusion n s 8 . b-Adrenergic blockade was obtained with a slow intravenous 2 mgrkg pro-Ž . pranolol bolus n s 8 . Combined a-and b-adrenergic blockade was obtained with addition of phentolamine and Ž . propranolol n s 8 . Effectiveness of the adrenergic blockade was tested by administration of the corresponding agonist before and after administration of the blocking drug. a-Adrenergic stimulation was done with intravenous phenylephrine 5 mgrkg, and b-adrenergic stimulation with intravenous isoprenaline 1 mgrkg. Epidural blockade was obtained with 20 mgrkg lignocaine, using a 2% solution Ž . ns8 . The procedure was expected to interrupt all motor, sensitive, and sympathetic pathways up to the cervical level. Effectiveness of the epidural blockade was confirmed by the typical decrease in systemic arterial pressure and by the absence of cardiovascular and motor response w x to tail clamping 41,42 . If necessary, epidural anaesthesia was delayed until pentobarbital and pancuronium no longer prevented motor responses. In summary, each blocking procedure was thus applied to one group of 8 dogs. The third group, after combined a-and b-adrenergic blockade, Ž . moreover received additional epidural blockade cf. infra . Phenylephrine was given to the 2 groups treated with phentolamine, and isoprenaline to the 2 groups treated with propranolol.
Data analysis
Slight but significant changes were observed in the pulmonary artery occluded pressure, which could interfere Ž with the interpretation of flow-pressure data. Occluded pressure is measured downstream from a small balloon inflated in the pulmonary artery, and is taken to be similar . to left atrial pressure . The difference between arterial and Ž . occluded pressure Ppa y Ppa , or transpulmonary preso sure gradient, was therefore selected to describe the pulmonary circulation. To take into account changes in baseline values, the hypoxic response was defined as the 
Results
Baseline haemodynamics and blood gases were comparable in the 4 groups. Hypoxia decreased the arterial and Ž . mixed venous oxygen tensions PaO and PvO to about 2 2 5.3 and 4.3 kPa, respectively. Hypoxia was associated with increases in cardiac output, pulmonary arterial pressure, and Ppa y Ppa . The individual variability in HPV was o substantial, as usually reported, but the initial hypoxic Ž . response was not different between groups P s 0.18 . Clamping the arterio-venous fistula and inflating the vena caval balloon allowed the cardiac output to decrease from 4-6 to 1-2 l P min y1 P m y2 at baseline, and from 3-6 to 1-2 l Pmin y1 P m y2 after ab-adrenergic or epidural blockade. The reduction in cardiac output was associated with decreases in all intravascular pressures, in PaCO and in 2 PvO . 2 
Ž
. In dogs treated with phentolamine n s 16 , phenylephrine increased mean systemic arterial pressure by 39 " 3 mmHg at baseline, by 3 " 1 mmHg after phentolamine administration, and by 0 " 1 mmHg at the end of the Ž . experiment. In dogs treated with propranolol n s 16 , isoprenaline increased heart rate by 100 " 9 beatsrmin at baseline, by 2 " 2 beatsrmin after propranolol administration, and by 5 " 2 beatsrmin at the end of the experiment.
Phentolamine increased heart rate, decreased systemic Ž . arterial pressure, and decreased PaO Table 1 . Phento-2 lamine shifted the pulmonary arterial flow-pressure curves downwards, and attenuated the pressor response to hypoxia Ž .
At the reference flow of 3.5 l P min P m , the hypoxic response decreased from 6.0 " 0.9 to 3.5 " 1.0 Ž . mmHg P -0.01 . Propranolol decreased heart rate, did not affect systemic Ž pressure, and increased pulmonary arterial pressure Table  . 2 . Propranolol shifted the pulmonary arterial flow-pressure curves upwards, and enhanced the pressor response to Ž . hypoxia Fig. 2 . At reference flow, the hypoxic response Ž . increased from 5.8 " 0.9 to 7.3 " 0.7 mmHg P -0.05 .
Combined phentolamine and propranolol decreased car- diac output, heart rate, and systemic arterial pressure, but did not affect pulmonary arterial pressure or Ppa y Ppa o Ž . difference Table 3 . Combined phentolamine and propranolol did not affect the pulmonary arterial flow-pressure curve in hyperoxia, but enhanced the pressor response to Ž . hypoxia Fig. 3 . At reference flow, the hypoxic response Ž . increased from 4.1 " 0.8 to 9.0 " 1.4 mmHg P -0.001 . Table 1 . Ž . Values are means"s.e. ns8 . For abbreviations, see Table 1 . Ž . Values are means"s.e. ns8 . For abbreviations, see Table 1 . Epidural lignocaine decreased cardiac output, heart rate, and systemic arterial pressure, and increased pulmonary Ž . arterial pressure and Ppa y Ppa difference Table 4 After pretreatment with phentolamine and propranolol, additional epidural lignocaine further decreased cardiac output, heart rate, and systemic arterial pressure, increased pulmonary wedge pressure, and did not change pulmonary 
Discussion
Epidural anaesthesia and analgesia have been reported to improve respiratory function and postoperative outcome w x in high-risk patients 56 , but their effects on the pulmonary vasoreactivity to hypoxia remain unclear w x 26,41,45 . The cardiovascular effects of epidural blockade w x result from preganglionic SNS blockade 21,22 , but the effects of SNS blockade on HPV also remain unclear. We therefore investigated the effects of epidural blockade on HPV, and verified whether they could be explained by adrenergic blockade alone, or whether they implied some additional effect.
Hyperoxia
During hyperoxia, effects of a-and b-adrenergic blockade on pulmonary vessels were comparable to those reported previously: phentolamine decreased and propranolol w x increased pulmonary vascular tone 13,19,23,37 . Combined a-and b-blockade did not significantly affect vascular tone, indicating that a-and b-stimulation were comparable in hyperoxia. Different results in other studies can be explained by a difference in either a-or b-stimulation. For example, our data show that combined a-and b-blockade tended to shift the flow-pressure curve upwards at base-Ž . line flow but downwards at low flow Fig. 3 . a-Stimulation may thus become dominating at low flow, as a result of the decrease in flow andror in arterial pressure.
Isolated a-and b-adrenergic blockade
Some studies reported that a-blockade did not affect w x the HPV 8,32,34,47,46,51 . Many of them analysed presw x sure or resistance changes 8,34,46,51 , which may be w x misleading when flow also changes 36 . One of them used Ž unconventional diameter measurements but found no significant change when flow reduction decreased pressure . from 29 to 17 mmHg , and used phentolamine as a single w x bolus 47 . All other studies reported a-blockade to attenuw x ate or to abolish the HPV 2, 3, 7, 9, 12, 16, 31, 44 Combined a-and b-receptors blockade did not affect the w x HPV 33 . In summary, SNS blockade was reported to attenuate, not to affect, and to enhance HPV in respectively 11, 19, and 7 studies.
Many of these discrepancies can be related to some Ž . major factors: a Studies using a surgical sympathectomy assumed that sympathetic activity could be completely prevented, and that thoracic surgery did not affect the pulmonary vasoreactivity. These assumptions may be inw x correct 24,34 , and surgical sympathectomy moreover has delayed effects and can result in catecholamine hypersensiw x Ž . tivity 34 . b Studies using drugs sometimes failed to test the effectiveness of a pharmacological blockade after giving a bolus or brief infusion of a short-acting drug. In our experience the blocking effect of an intravenous 2 mgrkg phentolamine bolus, for example, decreases by at least Ž . 50% after 30 min. c Effects of surgical and chemical sympathectomy were commonly reported as post-intervention without pre-intervention data. The mere fact that HPV still occurred after the surgical or pharmacological inter-Ž vention was interpreted as an unchanged situation un-. changed HPV , whereas HPV in fact could have decreased Ž . or increased. d Changes in pulmonary vascular pressure ( ) or resistance were frequently interpreted as vasoconstriction or vasodilation, despite substantial changes in cardiac output. This may be inappropriate, so that active changes in pulmonary vascular tone should be evaluated at constant w x flow or by flow-pressure curves 36 . False negative re-Ž . ports unchanged HPV and false positive reports of HPV attenuation could easily result from any one of these factors. False positive reports of HPV enhancement can only result from the last factor, and are much less likely.
In our study, combined a-and b-adrenergic receptor blockade clearly enhanced the HPV. In a similar study in conscious dogs, HPV remained unchanged after a-and w x b-blockade and after ganglionic blockade 33 . The discrepancy probably results from differences in experimental conditions. Barbiturates were reported to attenuate the w x HPV 53 , but not to interfere with the effects of the SNS w x on the HPV 4,48 . Barbiturates were also reported to w x prevent the sympathetic response to haemorrhage 57 , but a similar effect in our study would only attenuate and not enhance the effects of SNS blockade. Our results were obtained after elimination of all causes of misinterpretation discussed above, and at constant ventilation and acid-base status. They are consistent with most recent studies on the w x effects of SNS blockade on HPV 10,38,41,47,54 . We thus conclude that the substantial enhancement of HPV actually resulted from the combined a-and b-adrenergic blockade. This indicates that b-stimulation predominates during moderate hypoxia in pentobarbital-anaesthetised dogs.
Epidural blockade
The few studies investigating the effects of central neural blockade on HPV have yielded controversial results. Judson et al. reported that HPV was abolished after epidural or spinal blockade with procaine in 3 patients, but w x cardiac output data were not provided 26 . Reeves et al. reported that HPV persisted after spinal anaesthesia or spinal transection in 10 calves, but cardiac output was not w x measured, or decreased 45 . Ohmura et al. reported that HPV was enhanced by injection of tetracaine into the w x cisterna magna in 6 dogs 41 . The procedure caused adrenergic and cholinergic blockade, but HPV is not afw x fected by the parasympathetic system 28 and thus was enhanced by the spinal-like blockade.
In our study, HPV increased after epidural blockade. Epidural blockade changed the pulmonary artery occluded Ž . pressure, but only to a small extent 2-3 mmHg and in the direction of an increase which would tend to attenuate w x the HPV 29 . Lignocaine probably was reabsorbed in substantial amounts and could contribute to the decrease in cardiac output and in systemic arterial pressure, but it has w x been shown not to affect the HPV 4,5 . All haemodynamic changes observed after epidural blockade were comparable to those observed after combined a-and b-blockade. The HPV enhancement was smaller after epidural blockade, but so was the initial HPV in this group. Moreover, epidural blockade had no pulmonary vascular effect in a-and b-blocked animals. The result was that epidural blockade enhanced the HPV by inhibiting the SNS, and that it had no a-or b-unrelated effect on the pulmonary circulation.
Conclusions
Combined a-and b-receptor blockade clearly enhanced the HPV, indicating that b-stimulation predominates in the intact animal during hypoxia. Epidural blockade enhanced the HPV in untreated dogs and had no effect after abblockade, suggesting that all its effects on the pulmonary circulation are related to the sympathetic blockade. These effects of epidural anaesthesia contrast with those of general anaesthesia: most studies reported that intravenous anaesthetics do not affect HPV, and that inhaled anaesthetw x ics depress HPV 17 . The contrasting beneficial effects of epidural anaesthesia on HPV should thus be taken into account when selecting a mode of anaesthesia in hypoxaemic patients. 
